Photosystem I particles (PSI-200) isolated from spinach leaves were studied by means of absorbance, 77K fluorescence, and resonance Raman spectroscopy. The aim was to obtain better insight into the changes of in the pigment spectral properties of pigments molecules in those Photosystem I particles during prolonged exposure to highlight intensities and to reveal the involvement of these pigments in the photoprotection of the Photosystem I. particles. During prolonged exposure to high-light intensities of spinach Photosystem I particles, a loss of a significant amount of photosynthetic pigments was observed. It was shown that various pigments exhibited different susceptibility to photodamage. effect. In addition to bleaching of chlorophyll a, bleaching of carotenoids was also clearly observed. Resonance Raman technique allowed us to recognize the type and conformation of photobleached carotenoid molecules. Raman data revealed a nearly full photobleaching of the long-wavelength lutein molecules. The observed similar bleaching rate of the lutein molecules and the most red-shifted longwavelength chlorophyll a absorbing pigments, located in the antenna membrane protein Lcha4, suggested that these molecules are located closely. Our results showed that the photobleached antenna pigments and especially luteins and the long-wavelength absorbing chlorophylls, being dimers or pigment aggregates, are involved in photoprotection of PSI core complex.
located on one side of the core [1] [2] [3] . The PSI core binds approximately 90-100 Chl a and singlet oxygen and scavenging of free radicals, is one of the main functions of carotenoids [11] [12] [13] .
Light is required for photosynthesis, but excessive light may cause the inactivation of photosynthesis. Photosynthetic apparatus has evolved multiple photoprotective mechanisms as mentioned above to cope with the potentially damaging effect of light. However, despite these photoprotective defenses, photoinhibition occurs.
Although it was believed that PSI is tolerant to strong light, it has recently been shown that PSI can also be photoinhibited [14, 15] . Besides the process of photoinhibition, photobleaching of photosynthetic pigments was also observed under high-light conditions. Photobleaching of photosynthetic pigments under high-light illumination is a well-known phenomenon and involves a loss of bulk photosynthetic pigments [16, 17] .
During photoinhibition of isolated PSI complexes, the light-harvesting complex of PSI was more affected than the core complex [17] . A preferential photobleaching of Chl a under high-light treatment was shown for isolated thylakoid membranes [16] , PSI and PSII submembrane fractions [18] , and PSI reaction center complex [19] . It was shown that Chl a and total carotenoids bleached more intensively in PSI submembrane fraction in comparison with PSII fraction [18] . However, no data about the extent of bleaching of different xanthophylls are available and the mechanism of their participation in high-light protection of plants is still under discussion. On the basis of the time course of photobleaching of chlorophylls during high-light treatment of PSI particles, it was supposed that a slower bleaching at the beginning of illumination could be due to oxidative decomposition of carotenoids [20] , but no xanthophylls were specified.
Resonance Raman (RR) spectroscopy gives the opportunity to investigate the bleaching behavior of different carotenoids in PSI particles and their accessibility to high-light treatment. When the excitation by narrow laser lines coincides with a carotenoid absorption band (in the blue-green region) a 10 6 -fold increase in its Raman signal is achieved relative to the scattering due to any other molecules present [5, 21] , and the spectrum of this carotenoid is observed almost exclusively. This together with the fact that Nevertheless that the position of the most intensive band ν 1 in carotenoid RR spectra is influenced to some extent by the excitation laser lines (as far as I know the frequency of the RR bands are mainly independent of the laser lines; the relative intensity of the RR bands is dependable of the laser lines!!), it was shown that the ν 1 mode position strongly depends on the type and conformation of a specific carotenoid [5] , make RR technique suitable provides the possibility to extract the signal from a specific bound carotenoid in complex systems. Recently, based on the selectivity of RR [21] and the established strong dependence of the position of the most intensive band ν 1 in carotenoid RR spectra [5] , the absorption transitions for lutein, violaxanthin, and 9-cis neoxanthin in spinach PSI particles were characterized [10] . Therefore, knowing which carotenoid dominates the RR spectra obtained at a given wavelength we can recognize the type and conformation of the photobleached carotenoid molecules.
In the present investigation, PSI particles isolated from spinach leaves were studied by means of electronic absorbance, 77K fluorescence and resonance Raman spectroscopy. The aim was to obtain better insight into the changes in the spectral properties of pigment molecules in PSI particles during prolonged exposure to high-light intensities and to reveal the involvement of these pigments in the photoprotection and photoinactivation of PSI particles.
Experimental details

Isolation of Photosystem I particles
Photosystem I particles were isolated from spinach chloroplasts by mild digitonin treatment [22] . The submembrane particles obtained by this method originated mainly from stroma exposed regions of thylakoids and consist of PSI core complex and LHCI, so called PSI-200 complexes. The final pellet after the last ultracentrifugation was resuspended in a medium containing 20 mM Tricine-KOH (pH 7.8), 10 mM NaCl, 10 mM NaCl, and 5 mM MgCl 2 . Pigment concentration was determined by using the method of Lichtenthaler [23] .
High-light treatment
The illumination of isolated PSI particles was carried out in a temperature- . The light was passed through a heat filter. Samples for analysis were taken at different time period (30, 60, 90 , and 120 min) during illumination.
Electronic absorption measurements and spectral analysis
Absorption spectra of control and treated PSI particles were performed with a Beckman DU-640 spectrophotometer at room temperature in 1-cm pathlenght cuvette.
The Chl concentration during measurements was 15 g/ml. The spectra were analyzed using an Origin 6.0 (Microcal Softwear Inc., USA). -pigments that absorb at wavelengths longer than the corresponding reaction centers [2, 7, 25, 26] . Two LWP pools, emitting mainly at 720 and 735 nm, named F720 and F735, according to their fluorescence maxima are generally found. They are located in PSI core and LHCI-730, respectively [2, 25, 26] . The very low intensity shoulder around 680-690 nm, denoted as F690, is also found and ascribed to LHCI-680 [2, 7] . The decomposition of steady-state fluorescence emission spectra of PSI particles was performed by using the curve-fit program included in the packaged Lab calc, Arithmetic A2.23 (Galactic Ind.
77K Chl fluorescence measurements and
Corp.) programs with three Gaussian sub-bands, corresponding to the three main emission bands F690, F720, and F735 using the least square method.
The fitting parameters for the amplitudes of three main Gaussian components were only free-running parameters, while the other parameters, their position and full width at the half maximum (FWHM), were fixed in the limits of the literature data [2, 7, [25] [26] [27] .
The fixed parameters used for the decomposition of 77K fluorescence emission spectra in PSI particles are given in Table I . 
5. Resonance Raman spectra measurements
For resonance Raman measurements the Chl concentration was 500 µg/ml. RR spectra at 77K were obtained in a translucent Dewar using the same spectrophotometer Spex as in 2.4. Excitation was provided by an Ar+ laser (Innova 307, Coherent) using the 514.5 and 488 nm lines. Five to ten successive Raman spectra were averaged for each experiment. To compare absolute RR amplitudes, exactly the same amount of Chl in each sample was used and signal arising from the buffer at the 814 cm -1 was used for normalization of the measured spectra.
Results
Changes in the electronic absorption spectra
The absorption spectra of control and illuminated samples are compared in Fig. 1 (a). The spectrum of untreated PSI particles showed typical peaks at 438 and 680 nm corresponding to absorption of Chl a, and a shoulder at 650 nm originating from Chl b.
The positions of the main peaks were verified by analysis of the first derivative of the absorption spectra in the blue [ Fig.1 (b) ] and the red [ Fig. 1 (c) ] regions. After 120 min illumination a blue shift of approximately 6 nm of the Chl a maximum at 678 nm is observed, whereas the shift of the peak at 438 nm is only 2 nm. The pronounced shoulder in the blue-green region is related to absorption of Chl b and carotenoids. In illuminated PSI particles, the intensity of the absorption of Chl a at 438 nm decreased gradually with the time of illumination showing less than half intensity after 120 min illumination compared to the untreated samples. In the blue-green region the decreasing is even more pronounced and in fact after 120 min illumination the main shoulder at around 490 nm almost disappeared. As the absorption at 650 nm due to Chl b is less affected, the strong decrease in the blue-green region is a result of the predominant photobleaching of carotenoids. This becomes particularly clear from the changes in the first derivative spectra shown in Fig.1 (b) . The long-wavelength carotenoid band is considerably diminished and the resulting maximum is blue shifted.
Changes of pigment content
Pigment content of treated samples was determined during illumination in 80% aqueous acetone by the method of Lichtenhaler [23] . High-light induced changes in the content of Chl a, Chl b, and total carotenoids are presented in Fig. 2 . Chl a content strongly decreases with the time of illumination, while Chl b content remains almost the same. The carotenoid content also decreases considerably, although these data cannot determine precisely which type of carotenoid is more affected by light treatment.
Changes in 77K fluorescence spectra
The steady-state emission spectra of PSI particles at 77K upon 488 nm excitation are compared in Fig. 3 (a) . The maximum of untreated PSI particle emission spectrum is located nearly at 734 nm. It is typical for spinach PSI fluorescence at low temperature dominated by the emission from LHCI-730 with emission maximum at 730-735 nm [2] .
The high-light treatment results in a remarkable blue-shift of the main fluorescence maximum, indicating that fluorescence from the LWP pool emitting at 735 nm, located in LHCI-730, is considerably quenched. In order to analyze in detail the emitting contribution of the distinct Chl pools as well as their behavior during illumination, the spectra were decomposed as it was described in 2.4. As an example of such decomposition, a typical fit is shown in Fig. 3 (b) . Dependencies of the component areas (F690, F720, and F735) on the time of illumination are presented at Fig. 3 (c) . At the beginning of illumination, considerable decrease of F735 is observed indicating intensive bleaching of LWP735. At prolonged light treatment (after 45 min), F720 also decreases.
Upon illumination for 1 hour, the F735 decreases 15 times, F720 -2.4 times, while F690 increased approximately twice [ Fig. 3 (c) ]. It can be concluded, therefore, that during prolonged exposure to high-light intensities F735 from LHCI is quenched first, then the F720 from PSI core also decrease, while the fluorescence emitted at 690 nm is nearly unaffected.
Changes in the resonance Raman spectra
We used RR scattering in an attempt to recognize the type and conformation of photobleached carotenoid molecules. Resonance Raman spectra were measured with excitation at 488 and 514.5 nm lines, which coincide with the absorption maxima of 9-cis neoxanthin and long-wavelength lutein, respectively [5, 6, 10, 21] . The RR spectra contain four known main groups of bands (called from  1 to  4 ) characteristic of carotenoids [5, 10, 21] (Fig. 4) and the band at 814 cm -1 arising from the buffer used (B). The main carotenoid bands have been assigned [5, 21] as follows: ν 1 -to C=C bonds in phase stretching vibrations; ν 2 -to C 14 -C 15 stretches coupled to C 15 The dependency of ν 1 band intensity on the time of illumination are compared in Fig. 7 . It reveals that during high-light treatment the intensity of long-wavelength absorbing lutein ν 1 band decreases drastically, more than 11 times, while the neoxanthin intensity remains nearly the same.
Discussion
Prolonged exposure to high-light intensities induced a remarkable loss of photosynthetic pigments of spinach PSI particles. However, various pigments exhibited different susceptibility to photodamage. In addition to Chl a bleaching, carotenoids were also highly affected by light treatment. In this respect, the great selectivity of RR technique gave us a great opportunity to distinguish between different xanthophylls photodamage and in this way we were able to throw more light on their photoprotective function in PSI complexes of higher plants. expected to be also higher in the red!!). 77K fluorescence spectra (Fig. 3) confirmed that LWP pools were totally bleached. In addition, they revealed that the pool of the most redshifted LWP, emitting mainly at 735 nm (F735) and located in LHCI-730, was bleached first while the fluorescence of LWP pigments emitting at 720 nm (F720) and located in PSI core, decreased lately. In contrast, the fluorescence originating from LHCI-680 was nearly unaffected or slightly increased. It was reported that Lhca3 and Lhca4 were enriched with extreme red-absorbing chlorophylls [28] and that the pool of spectrally distinct most red-shifted LWP in LHCI was bound specifically to the Lhca4 [29] . It could be assumed, therefore, that pigments bound to these subunits of LHCI were the most affected by high-light treatment. On the basis of the recent analysis of protein degradation during high-light treatment at 4 0 C, by Rajagopal et al. [30] showed that the sequence of Analysis of the absorption spectra in the blue region ( Fig. 1) showed that disappearance of the shoulder around 490 nm was mainly due to bleaching of carotenoid molecules. Our results are in line with recent observations of fast carotenoid pool bleaching in PSI particles [30] and in thylakoids [31] . Resonance Raman investigation of carotenoid bleaching (Figs. 4-7 ) allowed us to determine the type and conformation of photobleached carotenoid molecules during the time of illumination. Analysis of RR data revealed nearly a full photobleaching of the long-wavelength lutein molecules, whereas the bleaching of the neoxantin molecules was negligible (Fig. 7) . The kinetics of the lutein photobleaching [ Fig. 7 (c) ] and the pool of the most red-shifted LWP fluorescence quenching [ Fig. 3 (c) ] was nearly the same. The similar rate of bleaching of the LWP located in Lcha4 and Lcha3??, I understood that F735 comes from both Lcha4 and Lcha3!! and long-wavelength lutein molecules supposes that they are located closely. The attempt to assign various carotenoid molecules to different Lhca subunits is still open as the structural models for PSI presented sometime ago [32] did not discuss the positions of these molecules within the structure. Only recently [33] , in the "atomic" computational model of higher plant PSI, based on the X-ray structure of PSI from pea [32] and its similarities with the cyanobacterial structure of PSI [34] , the positions of carotenoids Our results indicate that lutein-chlorophyll associations interactions play an important role in photoprotection of PSI particles and confirmed that the photoprotection is an intrinsic property of light-harvesting systems, maybe their "original" function, as pointed out by Jansson [37] , and the antenna function appeared latter in evolution. Lutein molecules are located in the LHCI assembled as a belt on one side of the core [32] and their loss will facilitate the access of strong light to the core complex, followed by the inactivation of PSI. Thus, the photobleached antenna pigments and especially luteins and LWP Chl a pools should be involved in photoprotection of PSI complex. Intensity, a.u. 
